Abstract. β-asarone is the main volatile oil of Chinese herb Rhizoma Acori Tatarinowii. It exhibits a wide range of biological activities in many human organs. However, few studies have investigated the effect of β-asarone on gastric cancer. The present study investigated the effect of β-asarone on the proliferation and apoptosis of three types of differentiated human gastric cancer cell lines (SGC-7901, BGC-823 and MKN-28) in vitro as well as the related molecular mechanisms. Methyl thiazolyl tetrazolium assay, Annexin V/ PI double staining, immunofluorescence test and transmission electron microscopy all confirmed that β-asarone had an obvious dose-dependent inhibitive effect on the proliferation of human gastric cancer cells and induced apoptosis of the cell lines. Transwell invasion, wound-healing and matrix-cell adhesion experiments confirmed that β-asarone inhibited the invasion, migration and adhesion of human gastric cancer BGC-823 cells. Quantitative real-time PCR and western blotting found that β-asarone significantly activated caspase-3, caspase-8, caspase-9, Bax, Bak and suppressed Bcl-2, Bcl-xL and survivin activity. Moreover, β-asarone increased the expression of RECK, E-cadherin and decreased the expression of MMP-2, MMP-9, MMP-14 and N-cadherin. The present study demonstrated that β-asarone effectively inhibits the proliferation of human gastric cancer cells, induces their apoptosis and decreased the invasive, migratory and adhesive abilities.
Introduction
Gastric cancer is a common gastrointestinal tumor. Its mortality rate ranks second among men and fourth among women (1, 2) . At present, surgery is the primary therapy for this disease and may achieve satisfactory results when combined with chemotherapy. However, for advanced gastric cancer, surgical therapy is not satisfactory.
Natural products are important resources for anticancer chemical agents. Thus, a significant strategy for developing anticancer drugs is to identify effective and active ingredients from natural products.
β-asarone (C 12 H 16 O 3 , MW 208.5) is the main volatile oil of Chinese herb Rhizoma Acori Tatarinowii. It exhibits therapeutic effects on many organs of the human body displaying many biological activities. Numerous studies have illustrated that β-asarone regulates the nervous system (3), kills parasites and bacteria (4) and prevents cholesterol synthesis (5) . Previous laboratory research found that β-asarone significantly inhibited the growth of colon cancer (6) . However, there is no study concerning its effects on gastric cancer cells and the related mechanism. Accordingly, the present study aimed to investigate the impact of β-asarone on human gastric cancer cells and to explore the possible mechanism.
Materials and methods
Cell culture. Three types of cell lines, low-differentiated human gastric cancer cell line BGC-823, moderately differentiated human gastric cancer cell line SGC-7901 and highly differentiated human gastric cancer cell line MKN-28, were obtained from the Type Culture Collection, Chinese Academy of Sciences (Shanghai, China), and were routinely cultured in RPMI-1640 medium containing 10% bovine serum at 37˚C with 5% CO 2 .
Drugs and reagents. β-asarone, methyl thiazolyl tetrazolium and β-actin were purchased from Sigma-Aldrich Co. LLC. RPMI-1640 medium was purchased from HyClone, USA, bovine serum was purchased from Hangzhou Sijiqing Biological Engineering Materials Co., Ltd. and 0.25% trypsin was purchased from Biosharp Biological Technology Co., Ltd. Annexin V/PI was purchased from KeyGen Biotech Co. Ltd. and TRIzol and SYBR-Green were obtained from Life Science and Technology Co. Real-time PCR reverse transcription kit was purchased from Takara Co. Ltd. and antibodies against caspase-3, -8, and -9, Bax, Bak, Bcl-xL, MMP-2, MMP-9, MMP-14, RECK, E-cadherin, N-cadherin and β-actin were purchased from Cell Signaling Co., USA. Bcl-2 was purchased from GeneTex, Inc. and NR2B and GluR2 as the secondary antibodies were purchased from ZSGB-Bio Co. All of the reagents were analytically pure.
MTT assay. The growth inhibitory effect of β-asarone was measured by methyl thiazolyl tetrazolium (MTT) assay. Human gastric cancer cells in a logarithm growth phase were inoculated into a 96-well plate at a density of 6x10 3 /well. After the cells adhered for 24 h, the medium in the plate was discarded, and β-asarone was mixed with RPMI-1640 medium. The mixed solution with β-asarone at a concentration of 0, 0.48, 0.24, 0.12, 0.06 or 0.03 mM were added into the 96-well plate and the cells were further incubated at 37˚C with 5% CO 2 for 24 h. Afterwards, 5 µl MTT (5 mg/ml) was added into each well. four hours later, the dark blue formazan precipitates were dissolved, and 150 µl dimethylsulfoxide (DMSO) was added into each well. The absorbance value was detected by an enzyme-linked immunosorbent assay (ELISA) at a wavelength of 490 nm to calculate the inhibitory rate of β-asarone for cancer growth. The assay was repeated three times.
Flow cytometric analysis.
The gastric cancer cells were treated with 0.12 and 0.24 mM β-asarone and 5-fluorouracil (5-fU) (50 µg/ml) under the same conditions as the MTT assay. After treatment with β-asarone for 24 h, the cells were collected, washed with cold phosphate-buffered saline (PBS), and resuspended in binding buffer at a density of 8x10 5 /ml. Subsequently, the cells were stained with 5 µl Annexin V and 5 µl PI for 15 min in the absence of light. Apoptosis of the cells was detected by flow cytometry within 1 h.
Fluorescent immunocytochemistry test.
Three types of gastric cancer cells were plated into a 6-well plate at a density of 3x10 5 /well. After adhering for 24 h, the cells were treated with β-asarone (0.12 and 0.24 mM) and 5-fU (50 µg/ml) for 24 h and washed with PBS twice. To detect the nuclei, cells were incubated with Hoechst for 10 min, stained by Hoechst 33342 solution for 20 min and washed with PBS three times. Afterwards, the nuclei were photographed using a fluorescence microscope.
Electron microscopic analysis. After treatment with β-asarone (0.24 mM) for 24 h, the cells were fixed in 2.5% glutaraldehyde, 4% paraformaldehyde, post-fixed with 1% osmium tetroxide, dehydrated and in-layed by epoxy resin. The cells were cut into 80-nm sections which were stained with lead uranyl acetate and detected by a JEM-1010 electron microscope (JEOL, Japan) at 80 kV.
Transwell assay. Low-differentiated human gastric cancer BGC-823 cells with stronger invasive potential were inoculated in a culture dish for 24 h. Cells (6x10 5 ) in media supplemented with 1% fBS were plated onto the upper chambers coated with Matrigel, and 600 µl media supplemented with 10% fBS was added into the lower chambers. After treatment with β-asarone (0.12 and 0.24 mM) or 50 µg/ml 5-fU for 24 h, the cells were fixed and stained with 0.1% crystal violet. The non-migrated cells were wiped off and the migrated cells were photographed.
Wound-healing assay. BGC-823 cells were cultured into a 24-well plate (1x10 6 /well). Once 100% confluence was observed, the cell monolayer was scratched with a pipette tip and washed with PBS twice. The cells were treated with β-asarone (0.12 and 0.24 mM) or 50 µg/ml 5-fU for 24 h. The width of the scratches was photographed for analysis.
Cell matrix adhesion assay. BGC-823 cells were inoculated in a culture dish until they adhered to the plate surface. β-asarone (0.12 and 0.24 mM) and 5-fU (50 µg/ml) were added and maintained for 24 h. The cells were digested and centrifuged. The precipitated cell suspension was resuspended with culture medium containing the original medicine. Approximately 1x10 5 live cells were seeded into each well of a 96-well plate coated with fibronectin. The original medicated medium was discarded every 30 min, and the cells were cultured with RPMI-1640 medium. Afterwards (120 min), 5 µl MTT (5 mg/ ml) was added into each well. After 4 h of cultivation, ELISA was used to read the absorption values at a 490-nm wavelength.
Assessment of mRNA expression. Having been incubated with β-asarone for 24 h, the human gastric cancer cell lines were assessed by RT-PCR to determine the effect of β-asarone on the mRNA expression of apoptosis-and metastasis-associated genes. Total RNA from the cells was isolated using TRIzol reagent. Subsequently, 1 µg of the extracted total RNA was reverse-transcribed into first-strand complementary DNA (cDNA) using the High-Capacity cDNA Reverse Transcription kit according to the manufacturer's instructions. They were then performed on 7500 fast RT-PCR system, using DNA-binding dye SYBR-Green. The ΔΔCt method was used for qPCR. The sequences of the primers used to specifically amplify the genes of interest are shown in Table Ι .
Western blot analysis. After 24 h of incubation with β-asarone, the gastric cancer cell lines were assessed by western blotting to detect the activity of the apoptosis-and metastasis-associated proteins. The cell lysates were separated by 12% SDS-PAGE, and transferred to a polyvinylidene fluoride membrane, blocked with 5% skimmed milk for 1 h, and incubated with the primary antibodies (1:1,000 dilution) overnight at 4˚C. Having been incubated with horseradish peroxidase-conjugated secondary antibody, ECL liquid was obtained for lighting and banding analysis.
Statistical analysis. Data are presented as the mean values ± SD. Differences between the mean values for individual groups were assessed using one-way ANOVA followed by Duncan's multiple range tests. Differences were considered significant at P<0.05. SPSS 13.0 was applied for statistical analysis. β-asarone alters the structure of gastric cancer cells. In order to observe the structural changes in the gastric cancer cells following treatment with β-asarone, both fluorescence microscopy and transmission electron microscopy were utilized.
The cells stained with Hochest 33342 were observed under a fluorescence microscope (magnification, x200). The nuclei of the cells treated by β-asarone were fragmented and shrunken which indicated apoptosis ( fig. 3A) .
Transmission electron microscopy (magnification, x8000) found nuclear atrophy, cytoplasmic vacuolization, endoplasmic reticulum expansion and chromatin edge gathering in the cells, which were also indicative of cell apoptosis ( fig. 3B) . Thus, β-asarone significantly induced apoptosis in the gastric cancer cells.
β-asarone prohibits the migration and invasion of BGC-823 cells. In order to observe the effect of β-asarone on the migration and invasion of gastric cancer cells, low-differentiated BGC-823 cells were chosen as the target. Both Transwell ( fig. 4A and B) and wound-healing assays ( fig. 4C ) revealed that β-asarone inhibited the migration of BGC-823 cells in a concentration-dependent manner. β-asarone efficiently suppressed the cell invasion in a dose-dependent manner as determined by the Matrigel-coated Transwell assay. furthermore, compared with the control group, the area of the treated cells in the 6-well plate which migrated into the whole wound area was markedly decreased, suggesting that β-asarone also suppressed the migration of BGC-823 cells in a dose-dependent manner. 
β-asarone inhibits the adhesive ability of the BGC-823 cells.
Cell matrix adhesion assay was performed to evaluate the effect of β-asarone on gastric cancer cell adhesion. We found that the adhesion rate at each time point was lower than that of the control group. further data demonstrated that the inhibitory rate of adhesion increased as the concentration of β-asarone and the treatment time increased (fig. 4D) . Therefore, β-asarone significantly prevented gastric cancer cells from adhering to fibronectin, and the inhibition rate was exhibited in a dose-and time-dependent manner.
Changes in the mRNA and protein expression of apoptosisrelated genes. In order to further study the mechanism of β-asarone action on the apoptosis of gastric cancer cells, RT-PCR and western blotting were applied to analyze changes in the mRNA and protein levels. RT-PCR showed that after 24 h of incubation of BGC-823 ( fig. 5A), SGC-7901 (fig. 5B ), MNK-28 ( fig. 5C ) cells with β-asarone (0.12 and 0.24 mM), the mRNA expression levels of Bax and Bak were increased, the mRNA expression levels of Bcl-2, Bcl-xL and survivin were reduced and the Bax/Bcl-2 ratio was increased in a dosedependent manner (fig. 5D ). In addition, western blotting revealed a gradual increase in the expression of Bax, caspase -3, caspase-8 and caspase-9 and a reduction in the expression of Bcl-2 and Bcl-xL in a dose-dependent manner ( fig. 6A ). These results indicated that β-asarone induced the apoptosis of gastric cancer cells by regulating Bax expression and downregulating the expression of Bcl-2 and Bcl-xL as well as activating the caspase-cascade response.
Changes in the mRNA and protein expression of invasionrelated genes. In order to investigate the mechanism of β-asarone in the invasion, migration and adhesion of gastric cancer cells, we assessed changes in the mRNA and protein expression levels of invasion-related genes. The results of both RT-PCR ( fig. 6B) and western blotting (fig. 6C ) revealed that the expression of RECK was significantly increased, while the expression levels of MMP-2, MMP-9 and MMP-14 were decreased in the cells following treatment with β-asarone as the dose increased. β-asarone was found to markedly prevent gastric cancer cells from adhering to fibronectin. Therefore, the expression of E-cadherin and N-cadherin which are closely associated with adhesion was further detected. We found that the BGC-823 cells exhibited a dose-dependent increase in E-cadherin and a decrease in N-cadherin following treatment with β-asarone. Discussion β-asarone is one of the main bioactive constituents of the essential oil of Rhizoma Acori Tatarinowii. The inhibitory effect of β-asarone on gastric cancer cells has been poorly reported, and the detailed underlying anticancer mechanism remains unclear. Here, for the first time, we investigated the potential abilities of β-asarone to resist gastric cancer growth. The present study found that β-asarone efficiently suppressed gastric cancer cell viability, induced cell apoptosis and inhibited invasive, migratory and adhesive abilities.
Apoptosis refers to programmed cell death. A dynamic balance between apoptosis and proliferation is crucial to maintaining cell stability and preventing carcinogenesis. At present, the choice of anticancer drugs is often based on biochemical properties of apoptosis. Thus, once inhibition of the gastric cancer cell proliferation by β-asarone was confirmed, its effect on the apoptosis of gastric cancer cells was examined. The study found obvious morphological apoptotic changes in the gastric cancer cells following treatment with β-asarone; meanwhile, flow cytometry also revealed that obvious apoptosis occurred in the gastric cancer cell lines 24 h after β-asarone treatment.
Caspases play a crucial role in cell apoptosis. They are a type of protease hydrolysates, usually existing in the form of procaspases. According to different initiative factors and pathways, cell apoptosis is divided into two categories: exogenous apoptosis and endogenous apoptosis. In regards to exogenous apoptosis, the interaction between death ligands and receptors causes intracellular structural change to attract pro-caspase-8 to cut and activate itself. Activated caspase-8 then activates downstream caspases such as caspase-3, caspase-6 and caspase-7 which induces cell apoptosis by shearing cytoplasm and nuclear substrates (7) . Endogenous apoptosis referring to a condition when the cell is stimulated, promotes the release of apoptotic proteins, such as cytochrome c, from the mitochondria to the cytoplasm recruiting pro-caspase-9 to construct protein complexes and apoptotic bodies. Meanwhile, activated caspase-9 induces activation of caspase-3, caspase-6 and caspase-7 belonging to downstream caspases and finally intiating the apoptosis process (8) (9) (10) . Therefore, it is the active caspase family that is the main executor of the apoptotic process. In the present study, western blot results showed that β-asarone increased the expression of caspase-3, caspase-8 and caspase-9 proteins. The inducing effect of β-asarone on gastric cancer cells was probably due to endogenous and exogenous apoptosis.
In the process of cell apoptosis, Bcl-2 is another crucial gene family. The Bcl-2 family mainly participates in apoptosis regulation through coordination with mitochondria (11). They are divided into two types based on different functions: anti-apoptotic protein, represented by Bcl-2 and Bcl-xL and pro-apoptotic proteins, Bax and Bak. Bcl-2 regulates transport across the reticulum and prevents the release of cytochrome c, thus the cascade reaction process of apoptosis is inhibited. However, Bax is a pro-apoptotic gene, and the increasing expression of Bax improves antagonistic Bcl-2 and Bcl-xL to promote apoptosis (12) . The balance between Bcl-2 and Bax determines the start of cell apoptosis (13) . Once the ratio of Bax/Bcl-2 increases, a series of complicated cascade reactions and the signal transmissions in the cell induce the start of apoptosis which leads to cell death (14,15). The present experiment showed that at 24 h after β-asarone treatment in the gastric cancer cells, Bcl-2 and Bcl-xL were downregulated, while Bax and Bak were upregulated and the Bax/Bcl-2 ratio increased in a concentration-dependent manner. This was possibly an aspect of the molecular mechanisms of apoptosis in gastric cancer cells induced by β-asarone.
In addition to apoptosis inhibition, local invasion and distant metastasis are the most important biological features of malignant tumors. To elucidate the effect of β-asarone on the motility of gastric cancer cells, their migration and invasion were detected by wound-healing migration and chamber invasion assays, respectively. β-asarone was found to have a significant effect on the inhibition of cell migration and invasion.
Epithelial-mesenchymal transition (EMT) plays a pivotal role in tumor metastasis (16) . The transition of cells from an epithelial phenotype into a mesenchymal phenotype endows tumor cells with greater invasiveness and motility by resulting in the loss of polarity of the cells, damaging the cell connection and reorganizing the intracellular actin cytoskeleton (17, 18) .
Typical molecular markers of EMT include a decrease in the expression of epithelial markers such as E-cadherin and an increase in the expression of mesenchymal markers such as N-cadherin (19) . In the present study, β-asarone was found to reverse the process of EMT by lowering N-cadherin and raising E-cadherin levels.
Moreover, the expression and secretion of several ECM-degrading proteolytic proteases such as matrix metalloproteinases (MMPs), play an important role in promoting the process of metastasis (20) . Of the MMP family, MMP-2, MMP-9 and MMP-14 are important for degrading the natural barrier basement membrane (21, 22) . RECK, as a critical MMP suppressor, potently inhibits tumor angiogenesis and metastasis (23) . Recent studies have demonstrated that RECK inhibited at least three types of MMPs, including MMP-2, MMP-9 and MMP-14, to prevent tumosr from transmembrane metastasis (24, 25) . The present study found that the expression of MMP-2, MMP-9 and MMP-14 in the gastric cancer cells was decreased, while RECK was increased in a concentrationdependent manner after treatment with β-asarone. This may be an important mechanism of the inhibition by β-asarone of gastric cancer cell invasion and metastasis. However, as a complex molecular process, invasion and metastasis of cancer cells need further study.
Collectively, the present study demonstrated that β-asarone inhibited the gastric cancer cell growth by upregulating the expression of caspase-3, caspase-8 and caspase-9, Bax, Bak, RECK, E-caderin and downregulating the expression of Bcl-2, Bcl-xL, MMP-2, MMP-9, MMP-14 and N-caderin. Additionally, β-asarone inhibited cancer cell growth by inducing apoptosis and prohibiting migration. The anticancer effect of β-asarone thus warrants further in vivo testing, and its specific effective concentration and its mechanism in detail require further investigation.
